SUMMARY Cone flicker threshold rises as the rods dark adapt, though the cone threshold to continuous light remains constant. The rise is normally about 1 log unit, but in certain patients who complain of night blindness it may be as great as 2.5 log units. In these persons the kinetics of the rod-cone interaction are those of the recovery of rod sensitivity. The rods impose a low-pass filter on the cones. This effect is absent in congenital nyctalopia and X-linked retinoschisis. We suggest that cone flicker is maintained through a feedback system involving horizontal cells, and when the rod dark current returns in dark adaptation this feedback is altered. Rod cone interaction thus tests rod dark current, and cases of abnormal interaction in patients with retinitis pigmentosa occur, which indicate that the transduction mechanism and the membrane dark current may be differentially affected.
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There have been several attempts to use psychophysical methods to localise disease conditions to given retinal layers, notably by Enoch and his collaborators,' but the methods involved have often been complex and time consuming and have made considerable demands on the patient. However, recently Goldberg et al. 2 have described an increase in the cone flicker threshold which occurs as the rods dark adapt. This inhibition of cones by rods has been known for many years,3 but in the form described the phenomenon is robust, simple to elicit, and is familiar to clinicians. The interaction is developed at a specific retinal site. It therefore promises to be of considerable use in the investigation of retinal disease. Recently properties of the rod-cone interaction have been described. ' This paper presents additional findings which help to define the nature and the site of the interaction. Equipment for a clinical test is described together with observations which show that the interaction is abnormal in a number of clinical conditions. These provide strong evidence about the site of the interaction, and suggest that study of the phenomenon will increase our understanding of various causes of night blindness. ised light-emitting diode (LED) perimeter described by Ernst et al.7 This placed 10 green or red spots of light anywhere in the visual field. In the present experiments a site 100 nasally was usually examined. Additional experiments were performed with similar equipment but manually controlled. In one version the filtered LED (light output centred at 660 nm) was attached to one end of a flexible light-pipe, the other end of which was inserted through a hole in a piece of white card, which could be illuminated to produce a dim blue surround. The (460 nm) light which was used to illuminate the surround was provided by a Grass PS22C stroboscope fitted with neutral and colour filters.89 The mean light output was altered by changing the flash rate between 40 and 60 pulses per second (pps) so that, with all the filters in place, the surround was at the rod absolute detection threshold. Under the conditions of the experiments the blue light appeared continuous.
The final equipment utilised both blue and red LEDs. These were driven by a pulse technique. The advantages of this drive, which has been developed from devices previously described in detail,7"' are that linear output can be maintained over six decades of intensity: circuits which depend on variable current driving" provide linear output over a more limited range of intensities. In addition the pulse driving circuit can provide various stimulus waveforms. Pulses, sine waves, increments, and decrements of light intensity can readily be achieved, and various spatial outputs, for example discs, annuli, chequerboards, etc., are easily realisable. In the present experiments only uniform patches of light were used, and usually flicker was produced by abruptly turning the stimulus light on and off. However, the luminance could easily be made to change in a sinusoidal fashion, and then the modulation depth of the stimulus, defined as (Imax-I.jn)/(Imax+Imin), could be varied, so that the modulation thresholds could be determined for every temporal frequency at the same mean level of illumination. The block diagram and components are shown in Fig. 1 . The waveform generator (Intersil 8038) provides sine, square, and triangle outputs. In the configuration shown the last is fed to a variable trigger point comparator, which thus acts as a phase detector (TLO81CP). The sine wave or pulse outputs are offset and attenuated to provide contrast and mean level controls, using standard operational amplifier techniques. The controls are 10-turn potentionmeters, allowing settings to 1 part in 1000. It would be easy to provide for digital control at this stage if the equipment were to be connected to a computer. The signals alter the frequency of voltage controlled oscillators (VCOs). In the equipment, these are basically similar to the ones described by Faulkner, 7 " and for an input of 0-2-5 V provide an output from 100 Hz to >5 MHz, with a linearity of >1%. This is a discrete system, but a recently announced single package hybrid (Advanced Modular Concepts, 3800 series) exceeds this specification. The used. The peak current pulse used is very much greater than the maximum continuous forward current for the LED, and therefore high light outputs can be achieved, and of course these remain constant for the lifetime of the LED, which is much greater than for incandescent lamps or flash tubes.
In general it is possible to make the drive in such a way that various LED arrays may be plugged into the same unit, allowing for rapid interchange of light sources. The system is easily constructed, since integrated circuits are available for most components, with minimal external circuitry. Component costs are less than for a stroboscope, even for the complex version shown in Fig. 1 . Further details are available from the authors. Red, orange, yellow, green, and blue LEDs are now available which will readily provide sufficient light for most physiological purposes, including electroretinography. The only disadvantage is the cost of blue LEDs (US$6 each).
SUBJECTS AND PATIENTS
The authors and associated workers from the clinic acted as subjects. Other results were obtained on volunteers from the department who were au fait with the research and therefore could give informed consent. Other work was done in the course of normal dark adaptometry on patients who were referred for investigation of their eye condition. All observations were made after dilation of the pupil with 1% mydrilate. All subjects and patients had 6/6 4G BArdenand CR RHogg Table 1 gives the range for our 'normal' subjects. The slow time course of this change and the fact that it began almost at the moment of the rod-cone break suggests very strongly that the rod dark adaptation was causing the loss of sensitivity of cones.
In some persons the rise is much greater. We have found three of these, and all complained of difficulty with night vision, specifically in driving at night. Fig.  2 shows the result obtained in a patient aged 30, who had been seen for 10 years. No abnormality had ever been detected, but the patient, who is medically qualified, was positive he and other members of his family were visually impaired in dim light conditions. Since cone and rod thresholds were normal by a Goldmann-Weekers adaptometer, a possible psychogenic disturbance had been discussed. However, the threshold for detecting cone flicker rises by about 2-5 log units as the rods dark adapt, and because the effect is so large its kinetics are easy to study. The dashed curve in Fig. 2 gives the reciprocal of rod threshold, and it can be seen there is good agreement between it and the cone threshold data. Similar results have been found on other subjects (Fig. 6) . One of these, a laboratory technician aged 39, volunteered that she had difficulty in driving at night and in seeing kerb markings. Another of our colleagues, hearing of these results, suggested he should be tested, and he also had a large rise of flicker threshold. However, another subject who claimed he had the same disability had a threshold rise of only 0-6 log unit.
The appearance of the cone inhibition can be reversed by using a background which stimulates only rods. Fig. 3 shows this, again on a subject with an exaggerated effect. It can be seen that 3 log units of background were required before the cone flicker threshold abruptly fell. At visual threshold only a small fraction of the rods-perhaps one in a hundred -absorbed a quantum of light per second. Thus the The inhibition of the cone signal occured only at higher temporal frequencies. Fig. 4 presents the modulation curves for two subjects, and it can be seen that, while for low frequencies (1 Hz) the threshold modulation was unaffected by the background, for higher frequencies the effect became progressively greater: Dark adapted rods seemed to interpose a low-pass filter into the cone pathway.
The effect of backgrounds is not critically dependent on the light intensity used in the red test. Fig. 5 shows results obtained when it is set at 1, 3, and 4-3 log units above the 1 Hz detection threshold. For all these values the effect of the background was to decrease the depth of modulation required to see the flicker. The ability to detect the flicker was much greater for the stimulus which was 3 LU above threshold, but the further increase caused little change either in the dark adapted condition or in the presence of a background. Thus the effect of the background cannot (within these limits) be mimicked by increasing the intensity of the test light. These observations are incompatible with the idea that the effect is somehow spurious and produced by subliminal stimulation of the cones by the rod stimulus.
Another observation which shows that a novel form of interaction is occuring is that the rise of flicker threshold was seen only if the red test field was relatively small: the rise of approximately 2 LU shown in Fig. 6 was totally absent if a 50°field was used as a test target (Fig. 6 ).
ROD-CONE INTERACTION IN PATIENTS WITH ABSENCE OF ROD B WAVES
The site of the interaction between the rod and cone pathway can be investigated by utilising clinical pathology. In nyctalopia there is a failure of synaptic difficult for such persons is night driving, and this is the presenting complaint. It is therefore plausible that abnormally active rod-cone interaction can be a hitherto unsuspected cause for referral to an ophthalmologist. In the absence of other signs and symptoms, and before the demonstration that all people such as those whose results are shown in Fig.  2-6 have actual visual disability, it is premature to suggest that the test has uncovered a new disease. tNormal interaction is given a +ve sign. fAll patients had full fields with no scotomata, no ophthalmoscopic changes in the fundus, a history of nyctalopia for many years, and no evidence on repeated visits of any progressive disorder. The simplest explanation of the findings described under 'Results' is that late in dark adaptation the cone feedback system becomes relatively inefficient, so that the high frequency responsiveness of the photopic system is decreased. Horizontal cells, like photoreceptors, are depolarised in darkness and are supposed under these conditions to liberate continuously an inhibitory transmitter. Hence when a stimulus hyperpolarises the cones, and the horizontal cell membrane hyperpolarises in turn, there is a small proportional decrease in the concentration of the inhibitory feedback transmitter. When rods hyper- When the cone stimulus covers a large retinal area, it produces larger horizontal cell responses than when it subtends a small visual angle, and therefore the feedback may still be effective in the dark adapted eye. In the first few minutes after intense light adaptation, the rat rod receptor potential is maintained3 in the hyperpolarised state, but later the dark current returns once more along a time course that (in axolotl rods32) approximates to, but is not identical with, that of the recovery of sensitivity to light, thus accounting for the attenuation of the cone flicker signal during rod dark adaptation.
Following intense bleaching there is a large afterhyperpolarisation in cat horizontal cells, which lasts for many seconds, but the time course of recovery may be faster than the rate of rhodopsin regeneration 252633 In turtle cones'222 the horizontal cell feedback is best seen and operates between different classes of cones, but it has been reported5 that in man the interaction occurs only between rods and red cones; little is known about the feedback in mammalian or primate receptors. An alternative hypothesis is that the rods control the horizontal cell membrane potential indirectly, through an interplexiform cell feedback.'M
CLINICAL IMPLICATIONS
The appearance and magnitude of the rod-cone interaction described above would, on our hypothesis, depend upon the time and extent of the rod dark current. In those persons with exaggerated effects, perhaps the effectiveness of the rod transmitter in depolarising the horizontal cells is greater than normal. In our cases of X-linked schisis the reduction of the inhibition of cones by rods implies that the horizontal cell feedback must be reduced, but the relationship to pathological changes is not certain. In elderly persons cystic degeneration affects the outer retina, so that in the end a few bipolar cells mark the limits of the cysts, and it is entirely plausible that the lateral connections of horizontal cells are disrupted. In X-linked schisis the split is supposed to be in the nerve fibre layer or the inner plexiform layer.'5 However, the evidence is not conclusive, and the patients from whom the histological results were derived were not investigated by ERG, so it is not known if they were of the type we have seen. The lesions were much more severe than in our patients.
If the hypothesis advanced above is correct, this form of rod-cone interaction measures the integrity of the outer plexiform layer and also provides an index of the function of the rods which is independent of whether visual transduction occurs normally. Thus in retinitis pigmentosa we can show that in some cases, although there is a moderate reduction in sensitivity, the interaction is present. This would be consistent with the idea that there was a reduced rod dark current input to horizontal cells. In one case change in cone sensitivity is dissociated (Fig. 8) from the change in rod sensitivity, and hence on this argument dissociated from the rod membrane current. Therefore it is likely that in this patient the plasma membrane processes may be normal, while the intracellular mechanisms which control rod sensitivity are affected by the condition. Detailed analysis of selected patients is under way to determine whether reduction in membrane current and reduction of rhodopsin concentration run in parallel. This might answer the question whether rods in retinitis pigmentosa are shortened or disorganized.
